(12) INTERNATM^L APPLICATION PUBLISHED UNDER THE PATS^TOOPERATION TREATY (PCT) 




(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date (10) International Publication Number 

12 September 2002 (12.09.2002) PCT WO 02/070765 Al 



(51) International Patent Classification 7 : C22C 27/02, 
C22F 01/02, 01/16 

(21) International Application Number: PCT/US02/05033 

(22) International Filing Date: 20 February 2002 (20.02.2002) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 

60/269,983 20 February 2001 (20.02.2001) US 

(71) Applicant: H. C. STARCK, INC. [US/US]; 45 Industrial 
Place, Newton, MA 02461 (US). 

(71) Applicants and 

(72) Inventors: JEPSON, Peter R. [CA/US]; H.C. Starck, 
Inc., 45 Industrial Place, Newton, MA 02461 (US). UH- 
LENHUT, Henning [DE/US]; H.C. Starck, 45 Industrial 
Place, Newton, MA 02461-1951 (US). KUMAR, Prabhat 
[US/US]; H.C. Starck, Inc., 45 Industrial Place, Newton, 
MA 02461 (US). 



(74) Agents: COHEN, Jerry et al.; Perkins, Smith & Cohen, 
LLP, One Beacon Street, 30th floor, Boston, MA 02108 
(US). 

(81) Designated States (national)*. AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, PH, PL, PT, RO, RU, SD, SE, SG, SI, 
SK, SL, TJ, TM, TR, TT, TZ, UA, UG, UZ, VN, YU, ZA, 
ZW. 

(84) Designated States (regional}*. ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, 
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR, 
NE, SN, TD, TG). 

Published: 

— with international search report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



IT) 



^ (54) Title: REFRACTORY METAL PLATES WITH UNIFORM TEXTURE AND METHODS OF MAKING THE SAME 

(57) Abstract: A method (10) of forming sputtering target from ingots of tantalum or niobium of requisite purity by the process 
of cutting the ingot to short lengths (12) and pressure working (14, 22, 30, 34) the ingot along alternating essentially orthogonal 

© work axes. Intermediate anneals (18, 26, 38) are applied as necessary to establish a uniform texture thickness. wise and area-wide 
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Unpredictability of sputtering rate and sputtering direction 
causes variation of the thickness of the film produced from 
point to point on the substrate, and also causes variation of 
average thickness of the film produced on the substrate from 
substrate to sustrate, and from target to target. 

In many sputtering applications, the thickness of the 
film is of prime importance and needs to be controlled 
closely. In integrated circuits, for example/ too thin a film 
will not provide a barrier, and too thick a film will block a 
via or trench. In WDM devices, the tantalum oxide layer 
thickness needs to be very close to one-quarter of a 
wavelength of the light passing through it. If the thickness 
of the film deposited is not within the range specified by the 
designer, the device will not be fit for service, and the 
total cost of manufacture up to the point of test is lost, 
since no repair or rework is normally possible. 

The aspect of sputtering performance which is most hard 
to achieve is uniformity of thickness of the thin film 
produced on a substrate over its whole area,, which is usually 
of the same shape as the target, but somewhat smaller. 
Typically, the target and substrate are parallel. The 
thickness of the thin film at any given point is a result of 
the atoms that have landed at that point. Most of those atoms 
will have come from a circular area of the target centered 
directly opposite the given point. That circular area on the 
target will be of the order of 1 cm radius. Therefore, if the 
sputtering rate of such a circle is the same wherever the 
circle lies on the surface of the target, a thin film of 
perfectly uniform thickness will be deposited, unless there 
are features of the equipment or its operation which cause 
non-uniformity . 

The sputtering rate of such a circle, defined as the 
average number of atoms sputtered from it per second, will be 
an integral of the number of atoms sputtered from each grain 
within the circle. Grains with different orientations sputter 



at different rates. Thus if circle #1 is made up 
predominantly of grains with orientation A, where A is a slow- 
sputtering orientation, it will have an overall sputtering 
rate slower than circle #2, if circle #2 is made up 
predominantly of grains with orientation B, where B is a fast- 
sputtering orientation. However, if each circle is made up of 
the same mix of grains (for example, predominantly A, or for 
another example, an constant mix of grains with orientation A 
and grains with orientation B) , the sputtering performance 
will improve. Therefore, a uniform texture provides a more 
controlled film thickness because the sputter rate is more 
predictable. 

US Pat. No. 6,331,233 in Turner asserts uniform texture 
throughout the plate thickness from the outer edge to the 
center of the plate. However, the strain history of the 
material at the center is different from that at the edge. 
The difference occurs during "Deformation Stage 2, - when the 
material is upset-forged. During upset forging, the material 
at the edge or high radius gets a moderate level of strain. 
The material at the center of the plate or low radius gets a 
low level of strain near the top or bottom surface and a high 
level of strain if it is at mid- thickness . Even after 
annealing, rolling and re-annealing, the difference in strain 
would be expected to affect the texture. 

Even with state-of-the-art sputtering equipment, it is 
impossible to control the variation of thickness of the thin 
film from one point on the substrate to another using targets 
with non-uniform properties. Partial, but not total, control 
of variation of thickness from substrate to substrate, and 
from target to target, is possible using test-pieces. Use of 
test-pieces, however, is time-consuming and costly. Use of 
forging techniques, such as upset-and- forge-back, with 
recrystallization heat- treatments that introduces redundant 
work and thereby improves homogeneity of micros true ture is 
well known. However, such techniques are susceptible to cause 
various types of defect in the worked metal, for example 
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cracks, folds and mis-shapes, any of which will reduce the 
proportion of the worked metal which can be used as targets 
(ie. reduce the yield) . The propensity of the material to 
crack is often reduced by heating it to a tenperature in the 
region of 500°F to 600°F for the forging operations, but such 
heating is expensive, makes, the work-piece harder to handle 
(so its final shape is further from the desired shape), and 
may result in an increase in oxygen content, particularly near 
the surface. Also, other forging techniques (those generally 
known as upset-bar forging) give product with texture that, 
although axi- symmetric, varies with radius, from the center 
out to the edge. Use of powder-metallurgy techniques to 
achieve uniform texture is also known. However, these 
techniques are generally not preferred because of higher cost, 
and because consolidated-powder parts may include voids, and 
may include non-metallic inclusions, both of which are 
undesirable for sputtering performance. 

10 For the purpose of the invention, the texture is 
described as uniform when the texture of one area of an 
article is not measurably different from that of any other 
area of the article, except as expected from statistical 
theory. The uniform texture is not dependent on the size of 
the article or size of the area. 

11 It is therefore an object of the present invention to 
provide a sputtering target that iirgproves the predictability 
of the thickness of the films produced, and thus improve the 
ease of use of the targets. 

12 It is a further object of the invention to provide 
classes of tantalum and niobium products of enhanced 
micros true tural uniformity and method of making the same. 

13 It is a further object of the present invention to 
provide a sputtering target manufactured from a given mass of 
tantalum ingot, thus improving the cost-efficiency of the 
process . 



SUMMARY OF THE INVENTION 

The present invention comprises a method of forming 
sputtering targets and other plate products from ingots of 
refractory metals of requisite purity by the process of 
cutting the ingot to short length pieces and pressure working 
the pieces along alternating essentially orthogonal work axes. 
Intermediate anneals are applied as necessary to establish a 
uniform texture throughout the target, including the center. 
The uniform texture is a substantially constant mix of grains 
with orientation {100} and {111}, where these sets of numbers 
refer to the Miller indices of the set of crystal logrphic 
plane that is parallel or nearly parallel to the sputtered 
surface. The constant mix of grain orientation thereby 
improves sputtering performance by providing a more 
predictable sputter rate to control film thickness. 

Additionally, the present invention offers a process that 
produces a high purity refractory metal material having a 
unique combination of fine grain structure and uniform 
texture . 

The invention is applicable to plates of flat or curved 
forms (including roll-up to cylinder or semi-circular or arc 
or conical forms) . The plates can be used to advantage on 
account of their microstructures and grain uniformity as 
sputtering, furnace parts, aerospace and engine parts, as 
products of containers and patches for highly corrosive 
chemical environments. The plates can also be unbroken or can 
be drilled with holes or can be an expanded mesh (slit and 
edges pulled) . 

Other objects, features and advantages will be apparent 
from the following detailed description of preferred 
embodiments taken in conjunction with the accompanying 
drawings in which: 
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BRIEF DESCRIPTION OF THE DRAWINGS 



18 FIG. 1 is a flow chart of the process of a preferred 
embodiment of the present invention; 

19 FIG. 2 is a photograph of a tantalum target made 
according to the FIG. 1 process; 

20 FIGS. 3 and 4 are similar photos of used tantalum targets 
made with coarse-grained or banded texture material; 

21 FIG. 5 is a magnified photograph (400 |Jiti scale-bar) 
illustrating the grain orientation in imaging microscope shots 
of a partial cross-section of a target, showing the 
orientation of each grain relative to the normal direction 
according to the present invention ; 

22 FIG 6 is a magnified photograph (400 Jim scale-bar) 
illustrating the grain orientation in imaging microscope shots 
of a partial cross-section of a target, showing the 
orientation of each grain relative to within plane direction 
according to the present invention; 

23 FIG. 7 is a magnified photograph (500 pin scale-bar) 
illustrating the grain orientation in imaging microscope shots 
of a partial cross-section of a target, showing the 
orientation of each grain relative to the normal direction 
according to the prior art; 

24 FIG. 8 is a photograph illustrating a macro-etched 
surface of a plate formed according to a known prior art 
process illustrating the non-unif onrdty of the surface 
texture; and 



FIG. 9 is a photograph illustrating a macro- etched 
surface of a plate formed according to the present invention 
illustrating the uniformity of the surface texture. 



DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

26 Now referring to FIG. 1, practice of a preferred 

embodiment of the present invention (method steps 10) starts 
with a refractory metal ingot 11, preferably tantalum ingot, 
typically of 8" diameter of very high purity, preferably 
99.999%, with an impurity content suitable for the end use. 
After cleaning the surface of the ingot by machining, the 
ingot is cut into initial workpieces 12 of lengths between 1.5 
times and 3 times the diameter, or approximately 12 inches to 
24 inches. The first forging operation (step 14) reduces each 
initial workpiece 12 along its longitudinal axis by 35 to 50% 
to form first forged workpiece 16. First forged workpiece 16 
is then annealed (step 18) at high temperature, preferably 
1370°C, in vacuum or inert gas to cause recrystallization to 
produce a second workpiece form 20. The second forging 
operation (step 22) is then applied to forge the second 
workpiece form 20 in the longitudinal axis substantially back 
to approximately the diameter of initial workpiece 12, ranging 
from 80% to 120% of the diameter of initial workpiece 12. 
Second workpiece form 20 is laid on its side and flat or 
curved dies, such as swaging dies, are used to draw back forge 
in second forging operation (step 22) the second workpiece 
form 20 to form third workpiece form 24. This is done by 
impacting with sufficient force to substantially regain the 
original shape of initial workpiece 12. Second workpiece form 
20 is turned between forging cycles for even cold working to 
induce a constant strain through the piece. All forging is 
done at room temperature with allowance for natural heating of 
the workpiece. However, it is preferred that the workpiece 
not exceed 800°F. All forging is preferably done on a press, 
rather than a hammer, to reduce the strain rate and allow 
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better control of the shape of the wbrkpiece. Third workpiece 
form 24 is annealed (step 26) at appropriate temperature for 
the metal, preferably 875°C for tantalum and its alloys, in 
vacuum or inert gas to recrystallize a fourth workpiece form 
28. The upset- forge-back cycle (steps 14 and 22) may be 
repeated as many times as necessary to achieve uniform texture 
of the plate. 

27 Where appropriate to refine microstructure, or if 
necessary to avoid cracks, or excessive press loads, extra 
annealing treatments, at a lower temperature such as 1065°C, 
may be used at any point during the forging process, 

28 A third forging operation (step 30) , preferably side 
forge, flattens the fourth workpiece form 28 to form sheetbar 
32, preferably approximately 4" thick. The sheetbar is cross- 
rolled (step 34) to reduce its thickness, typically ranging 
from 0.25 inches to 0.5 inches, to form plate 36. Cross- 
rolling (step 34) is arranged such that approximately equal 
strain in two orthogonal, directions is achieved. Following 
the cross-rolling, plate 36 is annealed (step 38) at a 
relatively low tempera ture ranging from 875°C to 1065°C to form 
plate 40 of fully- recrystallized fine grain structure and 
uniform texture. Subsequently, the component shape 42 will be 
cut from the plate and bonded to a backing plate assembled in 
sputtering equipment for use as a sputtering target. 

29 One embodiment of the invention preferably utilizes two 
upset- forgeback steps, performed on a press and one extra 
annealing cycle after the second upset- forgeback cycle before 
flattening to a slab. 

30 The effectiveness and advantages of the products and 
processes of the present invention will be further illustrated 
by the following non-limiting examples. 



EXAMPLE 1 



31 



32 



33 



This example illustrates a product, made by a 
conventional prior art method (side-forging and uni- 
directional rolling of an ingot section) , having an average 
grain size 30 ym linear intercept and a banded texture, as 
illustrated in FIG. 7. 



EXAMPLE 2 



A tantalum plate, having a normal thickness and 
approximately 99.99% purity, was made by a preferred 
embodiment process of the present invention as described above 
and illustrated in FIG. 1. A tantalum ingot of about 8" 
diameter was cut into workpieces approximately 1 . 5 to 3 times 
the ingot diameter. The workpieces were upset forged by about 
40% of original length and annealed to about 1370°C. Next, the 
workpieces were drawback forged to around the original 8" ' 
diameter, re-upset by approximately 40% of original length 
drawn back to about 7.25" diameter, and annealed at atmosphere 
of about 1065°C. The workpieces were side forged to a sheetbar 
of about 4» thickness, cross rolled to a plate of about 0.500" 
thickness, and annealed at atmosphere of about 1065°C. The 
resulting plate had an average grain size of 30 Mm linear 
intercept and a uniform texture without banding as illustrated 
in FIGS. 5 and 6. 

EXAMPLE 3 

A tantalum plate made by the same process as Example 2 
but with a tantalum ingot of 99.999% purity. The resultant 
Plate has an average grain size of 35 m linear intercept and 
the texture is uniform without banding. 

EXAMPLE 4 

It would be feasible to apply the same process as Example 
2, but with a tantalum ingot of 99.999% purity and a lower 
final annealing temperature of about 875°C. The resultant 
plate would have an average grain size of lSfJm linear 
intercept due to the lower annealing temperature and low 
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levels of impurity. The uniform texture is expected since the 
process of Example 2 has demonstrated texture without banding 
with substantially the same material. 

EXAMPLE 5 

35 It would be feasible to apply the same process as Example 
2, but with a tantalum ingot of 99.999% purity and the rolled 
thickness is around 0.800". The resultant plate would have an 
average grain size of 38|Xm linear intercept. The texture is 
expected to be uniform without banding since the preferred 
invention ensures texture uniformity even when the strain 
introduced during rolling is lower than normal. 

EXAMPLE 6 

36 It would be feasible to apply the same process as Example 
2, but with a niobium ingot of 99.99% purity. The niobium 
plate of 0.500" thickness is expected to have an average grain 
size of 30pin linear intercept and a uniform texture without 
banding based on the comparable results of tantalum. The 
niobium plate is expected to perform similarly to the tantalum 
plate because their physical characteristics are similar. 

EXAMPLE 7 

37 An alternative embodiment replaces the upset- drawback 
forging operations process with the well-known process of 
Equal Channel Angular Extrusion (ECAE) ; see e.g. US patents 
5,400,633, 5,513,512, 5,600,989 and published US applications 
2001/0001401, 2001/0054457, 2002/0000272, and 2002/0007880 of 
Segal et al. The ECAE process includes four C-type passes, 
anneal at 800°C, four C-type passes, and anneal at 800°C with 
99.99% purity tantalum. The resultant product has an average 
grain size 8 |Lim linear intercept. 

38 The uniformity of the irdcrostructure, e.g./ grain size 
and texture, is shown in FIGS. 5 and 6 to have improved grain 
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41 The introduction of a first intermediate anneal after the 
first upset-forge operation results in a much-decreased 
propensity of the material to crack in the subsequent 
metalworking operations. It also removes the need to heat the 
material for subsequent forging operations. 

42 Reference to each of tantalum and niobium includes its 
alloys including tantalum-niobium alloys as well as other 
alloys of each, and also laminates and other composites of 
each with other materials. The invention applies to form and 
use of these metals and derivatives (such as oxides) as well 
as methods of producing the same. The uses of the plates or 
other forms of the metals include sputtering targets usage but 
can also include direct use of the plates for chemical, 
medical, electrical, high temperature resistance applications 
(furnace parts, aerospace foils, turbine blades) . 

43 It will now be apparent to those skilled in the art that 
other embodiments, improvements , details, and uses can be made 
consistent with the letter and spirit of the foregoing 
disclosure and within the scope of this patent, which is 
limited only by the following claims, construed in accordance 
with the patent law, including the doctrine of equivalents . 

44 What is claimed is: 
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CLAIMS 



1. A refractory metal plate having a thickness, a center and 

^ {U1} ^t^t^L" COnStailt - «* (10 °> 

average gram size of less than 40 microns. 

com/ 1 " refraCtCry metal - ^fined in claim 1 

comprising at least 99.99% tantalum. 

5. The refractory metal plate as defined in claim 1 
composing at least 99.999% tantalum. 

comJ^ refraCt0ry m6tal * lat * - ^fined in claim 1 
comprising at least 99.99% niobium. 

7- The refractory metal plate as defined in claim 1 
comprising at least 99.999% niobium. 

8 f A method of making a sputtering target comprising the steps 
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10. The method for producing a refractory metal plate as 
defined in claim 9, further comprising the step of providing a 
refractory metal starting piece of at least 99.99% purity. 

11 . The method for producing a refractory metal plate as 
defined in claim 9, wherein each of the at least three anneal 
heat treat temperatures are at least 875°C. 

12 . A method for controlling texture of sputtering targets by 
a process according to claim 9 wherein the step of reducing 
operations are performed by changing the number of forging 
passes and billet orientation between successive forging 
passes in a manner to produce a desired final texture strength 
and orientation. 

13. A method for producing a refractory metal plate 
comprising the steps of: 

(a) providing a refractory metal starting piece of at least 
99.99% purity; 

(b) first reducing the length of the refractory metal starting 
piece to form a first workpiece; 

(c) annealing the first workpiece in a vacuum or inert gas to 
a first tempera ture of at least 1370°C; 

(d) second reducing a diameter of the first workpiece to a 
diameter substantially the same as a diameter of the 
refractory metal starting piece to form a second workpiece; 

(e) annealing the second workpiece in a vacuum or inert gas to 
a second temperature of at least 875°C; 

(f) repeating steps (b)-(e) as necessary to achieve desired 
grain structure and texture uniformity; 

(g) third reducing the second workpiece to a first thickness 
to form a first plate; 

(h) fourth reducing the first thickness of the first plate to 
a second thickness to form a second plate; and 

(i) annealing the second plate in a vacuum or inert gas to a 
second temperature of at least 875°C. 
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h. rolling the billet to plate with a reduction in thickness 
per rolling pass sufficient to provide near uniform strain 
distribution; and 

i. recrystallization annealing the plate. 

20. A process according to claim 19 wherein the billet is 
forged at a temperature below the minimum temperature of 
recrystallization . 

21. A process according to claim 19 wherein the billet is 
forged in two or more forging steps with successive decrease 
and increase in billet diameter followed by applying an 
annealing heat treat after each forging step. 

22. A process according to claim 19 wherein the metal billet 
comprises tantalum, niobium and their alloys, of at least 
99.99% purity. 

23. A sputtering target as made according to the process of 
claim 19. 

24. A sputtering target made by a process including forging, 
rolling and annealing having a target surface comprising: 

a) grain size less than about 40 microns; and 

b) substantially uniform structure and texture at any 
location. 



25. A sputtering target according to claim 24 comprising 
tantalum, niobium and their alloys of at least 99.99% purity. 
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